An experiment was conducted to investigate the effects of the feed form and conditioning time of pelleted diets on pellet quality, broiler performance and nutrient digestibility during the starter phase. A total of 480 male Cobb broilers were distributed according to a completely randomized experimental design into six treatments with eight replicates each. Treatments consisted of a mash diet and five crumbled diets submitted to different conditioning times (zero, 60, 80, 100, or 120 seconds). The broilers fed pelleted diets submitted to steam conditioning presented higher feed intake and BW gain (P ≤ 0.05), higher coefficient of ileal apparent digestibility (CIAD) of DM and CP, as well as higher ileal digestible energy (IDE) (P ≤ 0.05) than those fed the mash diet. However, treatments did not influence FCR or starch digestibility (P > 0.05). Feed intake increased linearly (P ≤ 0.05) with conditioning time while a quadratic response (P ≤ 0.05) was noted for IDE. Conditioning time did not affect the amount of intact pellets or protein solubility (P > 0.05), but increased pellet durability index (P ≤ 0.01), pellet hardness (P ≤ 0.05), and water activity (P ≤ 0.05). It was concluded that feed physical form and conditioning time influence the performance and nutrient digestibility in starter broilers. and that increasing conditioning times promote better pellet quality. 
DESCRIPTION OF PROBLEM
Pelleting is widely applied in the poultry industry. Pelleted diets can promote higher feed intake than mash diets because they allow easier feed apprehension by the birds [1] , better digestibility of the different dietary fractions [2] , and increase the availability of energy for production, as less energy is spent for feed intake [3] , ultimately improving broiler performance. 1 Corresponding author: andreiamassuquetto@gmail.com However, this can only be achieved if the pellets produced maintain their integrity until they are consumed by the birds.
According to Reimer [4] , the physical quality of pelleted feeds is influenced by several factors, particularly by feed formulation (40%), particle size (20%), conditioning (20%), general specifications of the pellet-mill die (15%), as well as by pellet cooling and drying (5%). Steam conditioning of the mash before pelleting also plays an important role in dietary nutrient utilization. For instance, conditioning temperature, moisture, pressure, and time can cause the breakdown of amylose and amylopectin chains, favoring the action of the enzyme amylase, thereby increasing carbohydrate digestibility [5] [6] [7] . Those conditioning factors can also change the tertiary structure of proteins, increasing their digestibility [8] [9] [10] . On the other hand, some findings suggest that pellet feeding may cause poor digestibility under some conditions [11] . Moreover, increasing conditioning times improve pellet physical quality [12] [13] [14] . However, the effect of steam-conditioning time of pelleted diets on the live performance and nutrient digestibility in broilers has not been well studied yet.
The objective of the present study was to evaluate the effects of two feed forms (mash or pelleted/crumbled) and steam-conditioning time of pelleted-crumbled diets (zero, 60, 80, 100, or 120 s) on pellet quality and on broiler live performance and dietary nutrient digestibility during the starter phase.
MATERIALS AND METHODS

Diet Composition and Feed Manufacturing
Six diets were evaluated: a mash diet, a pelleted-crumbled diet not submitted to steamconditioning (time zero), and four pelletedcrumbled diets submitted to four different conditioning times (60, 80, 100, and 120 s).
A basal diet based on corn and soybean meal was formulated to supply the nutritional requirements of Cobb 500 broilers during the starter phase (1-21 days), according to the recommendations of the genetic company manual [15] . The ingredients and calculated nutritional composition of the basal diet are presented in Table 1 . The mash diet was conditioned in a conditioner [16] with a capacity of 40 metric tons/h. The following conditioning parameters were applied: maximum steam injection at 1.3 kgf, 2.7% water addition, and 83
• C constant temperature. The nonconditioned pelleted diet bypassed the conditioner, and presented a temperature of 58.7
• C at the exit of the pelleting die. The different retention times in the conditioner were obtained by using frequency inverters.
Diets were pelleted in a pellet mill [17] , with a capacity of 30 metric tons/h, ring-shaped die with 4.0-mm diameter holes, and speed of 8.2 m/s. After pelleting, feeds were dried and cooled to an average temperature of 37 • C, and then crumbled in a roller mill with 2.0 mm of roll space. The mash diet presented 850 μm geometric mean diameter (GMD), and pelleted diets, 2135 μm GMD. At the end of the diet manufacturing process, samples of each experimental diet were collected and submitted to physical and chemical analyses.
Birds and Housing
Experimental procedures were conducted in accordance with the guidelines of the Committee of Ethics on Animal Use of the Federal University of Parana (UFPR), as approved in protocol n. 034/2012.
In total, 480 one-d-old male Cobb 500 broilers were obtained from a commercial hatchery. Chicks were transported to the metabolism room of the department of Animal Science, UFPR, Curitiba, Paraná, Brazil, and individually weighed at arrival. Birds were housed in 48 metabolic cages measuring 0.90 m 2 each (10 birds per cage), equipped with trough feeders and drinkers, and electric brooders. Water and feed were supplied ad libitum during the entire experimental period of 25 days. During the first 14 d, birds were maintained under constant incandescent light (24 h) and after this period approximately 12 h of light per day were used. Environmental temperature was maintained at 32
• C on day 1 and then gradually reduced to approximately 22
• C on day 25.
Physical and Chemical Parameters
In order to determine the amount of intact pellets, eight 500 g samples of each pelleted feed were passed through a 3.0-mm sieve, the feed remaining on top of the sieve was weighed, and its weight calculated as a percentage of the initial weight. Similarly, eight 500 g samples, with no fines, of each treatment were submitted to tumbling time of ten minutes, and a rotating speed of 50 revolutions per minute (RPM) to determine the pellet durability index (PDI). Pellet hardness was determined in a pellet-hardness tester [18] with individual pellets (eight per treatment) and expressed in kgf.
The feeds and the ileal contents obtained after bird euthanasia, as described below, were ground to 1-mm particle size and analyzed for DM content by burning in a muffle at 105
• C for 12 hours; for CP content (method 954.01); for acid insoluble ash (AIA) content (method 942.05), according to the AOAC [19] . Total starch content was analyzed using the method 996.11
* of the AOAC adapted by Walter et al. [20] . Gross energy (GE) content was determined in a bomb calorimeter [21] .
Diets were also analyzed for protein solubility in potassium hydroxide (KOH) according to Parsons et al. [22] and starch gelatinization degree according to method 27 of Compêndio Brasileiro de Nutrição Animal [23] as described in Table 2 . Dietary water activity (Wa) was determined in water activity meter [24] .
Performance Parameters
Birds were weekly weighed per replicate to determine average weight gain (WG). Feed offer and residues per replicate were weekly weighed to determine average feed intake (FI). The FCR was calculated as the ratio between FI and WG (g/g). Birds were daily inspected for mortality, and the dead birds were removed and weighed for subsequent correction of WG for mortality.
Digestibility Determination
On day 25 of the experimental period, five birds per replicate were euthanized by cervical dislocation for the collection of ileal content. Ileal content samples were pooled per experimental unit, and each pool was individually homogenized, lyophilized, and ground for subsequent analyses. The content of AIA in the diets and in the ileal contents was used as internal indigestible marker for digestibility calculations, and determined according to the methodology described by Scott and Boldaji [25] .
The coefficients of ileal apparent digestibility (CIAD) of the nutrients were estimated according to the equations below:
where (IF) is the ratio of dietary AIA content to the ileal digesta AIA content. 
Statistical Analysis
A completely randomized experimental design, involving six treatments with eight replicates of 10 birds each, was applied.
The obtained data were firstly tested for normality (Shapiro-Wilk's test) and homoscedasticity (Bartlett's test). Data complied with those assumptions, and were then submitted to analysis of variance using the GLM procedure of SAS statistical software [26] . Means were compared by the Dunnett's test at 5% probability level, using the mash diet as control treatment. Dependent treatments (pelleted diets conditioned for zero, 60, 80, 100, and 120 s) were submitted to analysis of regression.
RESULTS
Physical and Chemical Parameters
There was a quadratic effect of conditioning time on PDI and pellet hardness (P ≤ 0.05), as shown in Table 3 , with optimal values obtained at 89 and 51 s, respectively. Water activity linearly increased with conditioning time (P ≤ 0.05), whereas the amount of intact pellets was not affected (P > 0.05).
The content of KOH-soluble protein was not influenced by steam-conditioning times (Table 3) .
Bird Performance
The pelleted diets promoted higher FI (P ≤ 0.05), except for the nonconditioned pelleted feed, and higher WG (P ≤ 0.05) compared with the control mash diet; however, FCR was not influenced (P > 0.05) by the treatments (Table 4 ). The diets submitted to increasing conditioning times linearly increased FI (P ≤ 0.05), but did not affect WG or FCR (P > 0.05), as shown in Table 4 .
Digestibility
Higher CIAD of DM and CP (pelleted diets conditioned for 80 and 120 s), as well as higher IDE content, were obtained in the pelleted diets compared with the mash diet (P ≤ 0.01). However, the treatments did not affect (P > 0.05) the CIAD of starch (Table 5) .
No differences in the CIAD of DM, CP or starch were detected (P > 0.05) among pelleted diets submitted to the different conditioning times, but IDE content presented a quadratic response (P ≤ 0.05), as shown in Table 5 .
DISCUSSION
All pelleted diets presented more than 95% intact pellets (Table 3) , indicating good physical quality. Different results were obtained by Skoch et al. [5] , who found higher percentage of fines in pelleted diets not submitted to conditioning (9.1%) compared with those conditioned at 65
• C (3.8%) and at 80 • C (3.2%); however, the percentage of fines was not affected by steam addition. Abdollahi et al. [27] reported that nonconditioned pelleted diets presented 10% less intact pellets than those submitted to heat, but not to steam-conditioning. In the present study, no pellet integrity differences were observed among pelleted diets, even at the longest conditioning time (120 s). Briggs et al. [12] found a negative correlation between the level of fines and PDI, which was not observed in the present study. Pellet durability index (PDI) presented a quadratic response to increasing conditioning time, which were more evident in the diets submitted to conditioning. The PDI of pelleted diet conditioned for 60 s was 5.9% higher compared with the nonconditioned diet. These results are in agreement with the findings of Abdollahi et al. [27] , who found higher pellet durability in steam-conditioned pelleted diets than in dryconditioned pelleted feeds. The poorer physical quality of the nonconditioned pelleted diet compared with the other pelleted diets may be explained by its low moisture, as that feed bypassed the steam conditioner. Fahrenholz [14] , evaluating the influence of different conditioning times (30 and 60 s), observed that increasing mash retention time in the conditioner improved pellet durability; however, this effect was more significant when associated to other factors, such as conditioning temperature. Among the variables studied by Fahrenholz [14] , conditioning time had the least influence on pellet quality. Likewise, Briggs et al. [12] observed that increasing the retention time from 5 to 15 s increased pellet durability in 4.5%.
Pellet hardness responded quadratically to conditioning time up to 120 seconds. However, Fahrenholz [14] states that the PDI is a better expression of pellet physical quality than hardness, because it uses for its determination a large sample, and therefore, better represents the actual handling procedures than those used for determining pellet hardness. Thomas and Van der Poel [28] evaluated the hardness and durability of pelleted diets and found that durability results were more consistent to express pellet physical quality than hardness because they presented lower CV.
There was a linear effect of conditioning time on Wa, as increasing steam exposure time during conditioning resulted in greater moisture incorporation to the feed. As all the diets were submitted to the same drying time, moisture content was similarly removed. Therefore, pelleted diets submitted to longer conditioning times presented higher Wa. However, the obtained values are close to the recommendations (nearby 0.6), and did not compromise the quality of the finished product.
Protein solubility in KOH is applied especially for assessing soybean meal quality and nutrient availability, and it may be affected by inadequate heat processing of soybeans, reducing its nutritional value. The results of the present study show that even long conditioning times at 83
• C did not affect protein solubility. In contrast, Muramatsu et al. [29] found that most intensive processing methods, such as expansion (110
• C), reduced protein solubility in KOH from 68.6% to 64.3% during pelleting (80-82
• C). The benefits of pelleting on animal performance are widely reported in the literature [3, 7, 30, 31] . These benefits were confirmed in the present study, as shown by the higher WG obtained with the pelleted diets compared with the mash diet. However, this better performance can only be achieved if the pellets produced maintain their integrity until they are consumed by the birds. Although the birds fed the steamconditioned pelleted diets presented higher FI than those fed the mash diet, the FI values obtained with the nonconditioned pelleted diet and the mash diet were not statistically different. This probably occurred because the quality of this pelleted diet was lower (i.e., its PDI was 5% lower, on average) compared with those submitted to steam conditioning (Table 3) . However, FI increased with conditioning time. Fahrenholz [14] , evaluating the influence of different conditioning times (30 and 60 s), observed that longer retention times in the conditioner resulted in improved pellet durability. According to Skoch et al. [5] , the addition of moisture using steam improves pellet quality by reducing the proportion of fines and increasing pellet durability. Based on these results, it is suggested that long retention times allow moisture to penetrate more efficiently into the feed particles, allowing greater adhesion among pellet components, and thereby, increasing feed intake.
The pelleted diets presented better CIAD of DM, which is consistent with the findings of Zatari and Sell [32] , who observed a significant increase in DM digestibility in pelleted diets compared with mash diets.
Pelleted diets conditioned for 80 and 120 s presented higher protein digestibility rates than the other evaluated diets. The increase in protein digestibility may be explained by the breakdown of disulfide bridges of the protein molecule, causing its denaturation, and thereby, its easier access of proteases [9, 10] . In the present study, the steam-conditioning temperature (83
• C), associated with exposure time, may have promoted these changes in the pelleted diets. The higher protein digestibility determined in those diets may also explain the higher WG obtained.
Pelleting did not improve starch digestibility, as previously observed by Abdollahi et al. [31] , working with corn-based diets. According to Svihus et al. [33] , pelleting has marginal effects on starch availability, whereas more intensive processes such as extrusion, which includes water addition and applies higher temperatures than pelleting, result in greater starch gelatinization. Several studies have shown that only a small amount of starch is gelatinized during pelleting [5, 7, 34, 35] and that its effect on starch digestibility seems to be negligible [36] .
Pelleted diets contained higher ileal digestible energy levels (IDE) compared with the mash diet. Jimenez-Moreno et al.
[37] reported higher AMEn levels in broilers fed steam-cooked corn relative to raw corn. In the present study, the IDE level of the nonconditioned pelleted diet was 235 kcal/kg of DM higher compared with the mash diet. This may be attributed to the mechanical action of the feed inside the pellet mill, because the temperature measured at the exit of the due was 58.7
• C. According to Abdollahi et al. [38] , part of the starch gelatinization occurs after conditioning at pelleting press due to an increase in temperature and friction. This mechanical action may also be responsible for the greater availability of the other dietary fractions. Moreover, pelleted diets submitted to 60 s of steam-conditioning contained more 146 kcal/kg DM of IDE relative to the nonconditioned pelleted diet. The combination of moisture, temperature and time during conditioning may have improved the digestibility of the different dietary fractions, resulting in an increase in IDE value.
The ileal digestibility of DM, CP, or starch of the pelleted diets was not influenced by conditioning times. Kokić et al. [39] , evaluating different types of corn processing, determined lower degrees of starch gelatinization for flocculation (21.33%) and pelleting (25.47%), while more intensive processes, such as micronization and extrusion, yielded higher degrees of gelatinization, of 63.58 and 100%, respectively. The results obtained in the present study suggest that the steam-conditioning times employed before pelleting may not have been sufficiently to change the structures of the feedstuffs, leading to an increase in the digestibility of the diet fractions.
Ileal digestible energy level presented a quadratic response to conditioning time. The behavior of IDE was similar to that of the PDI, suggesting a possible association between pellet durability and digestible energy values. McKinney and Teeter [3] , feeding broilers with diets with different proportions of intact and fine pellets (with 100%, 80%, 60%, 40%, and 20% pellets, and mash), found an increase in the effective caloric value and in the resting frequency of broilers, because the birds spent less energy and time to consume pelleted feeds. Energy digestibility is influenced by many processing factors, such as temperature, time, pressure, and moisture and their interaction. In addition, it is affected by the feedstuffs included in diet and their energy contents, making it difficult to evaluate the effects of individual factors. For instance, according to Skoch et al. [5] and Voragen et al. [6] , the heat treatment of starch causes granules to "swell", and after continued heating, they disintegrate, solubilizing the individual starch molecules. Zelenka [2] mentions that one of the benefits of feeding pelleted feeds to broilers is the increase in dietary metabolizable energy value due to higher digestibility of dietary fractions. Furthermore, in the present study, FI increased as steam-conditioning time increased, which may have affected the obtained IDE values.
CONCLUSIONS AND APPLICATIONS
1. Feeding pelleted diets resulted in broilers with superior feed intake and weight gain, as well as greater ileal digestibility of dry matter, crude protein and energy compared with those fed the mash diet. 2. Increasing conditioning time of pelleted diets improved feed intake, but weight gain and feed conversion ratio were not affected. Dry matter, starch, and crude protein ileal digestibility were not influenced by conditioning times, but the ileal digestible energy quadratically increased. 3. It may be possible to improve pellet quality increasing steam-conditioning times. 4. The combined effects of time, temperature, and moisture during conditioning should be further evaluated.
